Diet is an important modifiable lifestyle factor related to dementia risk. Yet, the role of midlife dietary changes is unclear. The goal is to investigate whether midlife healthy dietary changes are associated with late-life dementia risk. Data were collected within the Cardiovascular Risk Factors, Aging, and Dementia (CAIDE) population-based cohort study (n = 2000) (mean baseline age = 56 years). Participants returned for two late-life re-examinations (mean age = 70 and 78 years). Self-reported midlife diet was measured in a sub-sample (n = 341) (mean total follow-up = 16.8 years). Changes in specific dietary components (fats, vegetables, sugar, salt) were measured in midlife. Dementia diagnoses were ascertained with detailed examinations. Analyses adjusted for potential confounders. Total midlife healthy dietary changes (improving quality of fats, increasing vegetables, decreasing sugar and salt) were associated with a reduced risk of dementia (fully adjusted odds ratio (OR) 0.41, 95% confidence interval (CI) = 0.20-0.85). In contrast, when each factor was assessed individually, associations were not significant. This study is the first to show that beneficial midlife dietary changes are associated with a reduced dementia risk later in life. The results highlight the importance of targeting dietary patterns, where various food items may have synergistic effects.
Introduction
In 2015, it was estimated that 46.8 million people were living with dementia. This number is projected to increase to 75 million in 2030, and 131.5 million in 2050 [1] . In the absence of disease-modifying drugs, prevention has been highlighted as a public health priority. At least a third of dementia cases may be preventable through lifestyle modifications [2, 3] . As the processes leading to dementia (including brain pathology) may start 20 years prior to dementia onset [4, 5] , it is crucial to start healthy lifestyle modifications at earlier stages in life (e.g., in midlife or earlier).
Diet is an important modifiable lifestyle factor related to dementia risk. In the past two decades, numerous studies have highlighted the role of diet as a potential protective lifestyle factor. Many studies have focused on dietary patterns such as the Mediterranean diet, Western vs. traditional diets, showing that higher adherence to healthy diets is associated with a reduced risk of dementia (for recent systematic reviews and meta-analyses see [6] [7] [8] [9] ). Collectively, these studies show that diets rich in antioxidants (e.g., from fruits, vegetables, coffee), healthy fats (e.g., omega-3 fatty acid from fish, nuts, olive oil), with low-moderate red meat consumption, and low consumption of refined sugars, carbohydrates and unhealthy fats may protect against dementia [6] [7] [8] [9] .
Other studies have examined specific dietary factors such as various vitamins (e.g., vitamins C, D, E) or multivitamins, omega-3 fatty acids and other polyunsaturated fatty acids, flavonoids, folate or other macronutrients (e.g., cholesterol, total fat, saturated fat or trans fats), with mixed results [6] [7] [8] [9] . It has also been highlighted that diet may interact with genetic risk factors for dementia, namely the Apolipoprotein E4 (APOE ε4) allele [10] [11] [12] , which is important to take into consideration when investigating the associations between diet and dementia.
To date, many studies have focused on the associations between individuals' current dietary patterns (e.g., the Mediterranean diet) or their consumption of specific macronutrients and the associations with dementia risk. However, it is unknown whether a healthy change in diet (e.g., increasing the intake of beneficial food items while decreasing the intake of unhealthy food items) is associated with later risk of dementia.
The aim of this study was to investigate whether healthy dietary changes in midlife are associated with dementia risk later in life, using a population-based cohort study (total follow-up: 22 years).
Materials and Methods

The CAIDE Study
The Cardiovascular Risk Factors, Aging and Dementia (CAIDE) study participants were first examined at midlife (baseline) in the North Karelia Project and the FINMONICA population-based studies in Finland. Baseline assessments were carried out in one of the following years : 1972, 1977, 1982, or 1987 [13] . Baseline participation rates ranged between 82% and 90%. In 1998, a random sample of 2000 survivors (living in the cities of Kuopio and Joensuu), aged 65-79, were invited for the first re-examination. A total of 1449 individuals (72.5%) participated and 1409 underwent the cognitive assessments. The mean total follow-up time was 21 years. Participants returned for the second re-examination between 2005 and 2008 (mean follow-up: eight years, standard deviation (SD) = 1.0) after first re-examination). In 2005, 1426 (of the original sample of 2000) were alive and living in the same city/region. Upon invitation, 909 (63.7%) of these agreed to participate and 852 underwent the cognitive assessments.
Study Population
In total, 1511 individuals participated in at least one re-examination, and 750 participated in both. Information on changes in diets and a questionnaire on diet were available from 341 participants assessed in 1982 and 1987 (from a total of 634 who had information on dementia diagnosis). Among this sub-sample of 341 participants, 194 participants participated in both re-examinations.
In order to maximize the sample size, all subjects with a dementia diagnosis in at least one re-examination were included in the analyses. Data were organized in what is referred to as long format, which offers 535 observations. In this format, participants with dementia diagnoses at both the first and second re-examinations are included twice in the dataset, with one observation for the first re-examination and one observation for the second re-examination. The few participants who had dementia at the first re-examination and were still alive at the second re-examination were excluded from the second re-examination. This means that each participant with dementia was only included once.
Ethical Considerations
The CAIDE study was approved by local ethics committees in Kuopio and Joensuu. All participants provided written informed consent.
Healthy Dietary Changes
Self-reported dietary changes were measured at midlife with the following question: Have you over the last year changed your eating habits based on health considerations? Answers were provided for the following statements: (1) Have modified the quality of fats during the last year; (2) Have increased the consumption of vegetables during the last year; (3) Have decreased the use of sugar during the last year; (4) Have decreased the use of salt during the last year. Response options were the following: 1 = No, 2 = yes. A total score for healthy dietary changes was computed by adding all four dietary change components to create a total healthy dietary change measure. The scores ranged from 4 to 8. A higher score indicated more healthy dietary changes.
Formation of a Healthy Diet Index
Information on diet was acquired through a questionnaire on diet that was administered in midlife. Items selected for the healthy diet index were those that correspond to the healthy dietary changes questions (described above, regarding fats, vegetables, salt and sugar). Consumption of berries/fruits was included with the consumption of vegetables, as they are similar in: (a) high levels of antioxidant properties including phytochemicals and vitamins, (b) high fiber content, (c) low calories [14] .
For details on the food items included, as well as the response options, see Table 1 . A healthy diet index was calculated by initially performing median splits for each item (below the median (unhealthy diet) = 0; equal and above the median (healthy diet) = 1). For example, the question "How often have you eaten vegetables or root vegetables (not potatoes) as such, grated, or as fresh salads during the past week (seven days)?" was dichotomized between 0.33 (1-2 days) and 0.67 (3-5 days). Therefore, participants eating vegetables on two days or fewer received a score of 0, whereas participants eating vegetables three days or more received a score of 1. In order to prevent an over-representation of specific dietary items, each dietary item was divided by the total number of items for that category and then summed. For example, since there were four items for fats, they were each divided by four before being summed, to achieve a better overall balance of food categories. Ordinary cow's milk (≈3.8% fat) 1 Whole milk (≈3.5% fat) 1 Semi-skimmed milk (≈1.5% fat) 1 Skimmed milk (≈0.5% fat) 1 I do not drink milk 1 Do you eat the fat that is visible on the meat in your food (lard, pork fat)?
Never ( How many cups of coffee/tea do you drink per day?
Space was provided to write a number, which was then multiplied by the number of cups of coffee/tea per day.
Range 0-48. The total number was scaled by dividing by 10, and adding 1. Those who scored below −1 were winsorized to −1. The final score ranged from −1 to +1.
Diagnosis of Dementia in the CAIDE Study
Cognitive performance was assessed at both re-examinations using a three-step dementia diagnosis protocol: screening phase, clinical phase, and differential diagnostic phase. At the first re-examination (1998), participants who scored ≤24 on the Mini-Mental State Examination (MMSE) [15] at screening were referred for further examinations in the clinical phase. At the second re-examination (2005) (2006) (2007) (2008) , participants were referred to the clinical phase if they scored ≤24 points on MMSE, or had a decline of ≥3 points on MMSE since 1998, or if they scored <70% in delayed recall on the Consortium to Establish a Registry for Alzheimer's Disease (CERAD) word list [16] , or if the participant's informant expressed concerns regarding his/her cognition. These criteria were added to increase sensitivity for the detection of milder cognitive impairment. The clinical phase (at both re-examinations) involved detailed neurological, neuropsychological, and cardiovascular examinations, and the differential diagnostic phase involved brain imaging (Magnetic Resonance Imaging (MRI)/Computerized Tomography (CT)), blood tests, and, if needed, cerebrospinal fluid analysis and electrocardiogram. A review board (including the physician, senior neurologist, and neuropsychologist) used all assessment information to specify the primary diagnosis. Dementia diagnosis criteria were based on the Diagnostic and Statistical Manual of Mental Disorders (DSM) [17] . Alzheimer's disease diagnosis criteria were based on the National Institute of Neurological and Communicative Disorders and Stroke and the Alzheimer's Disease and Related Disorders Association (NINCDS-ADRDA) [18] .
Other Assessments
Standardized assessments and survey methods at baseline (midlife) conformed to international guidelines and the World Health Organization (WHO) (Multinational MONItoring of trends and determinants in CArdiovascular disease) MONICA protocol [19] . Re-examination surveys were similar and comparable with baseline surveys. The surveys included questionnaires on sociodemographic factors, health status, medical history, and health-related behaviors. Education was measured at baseline by asking participants about their highest level of educational attainment. Physical activity was measured with the following question: "How often do you participate in leisure-time physical activity that lasts at least 20-30 min and causes breathlessness and sweating?" Response options were 1 = daily; 2 = 2-3 times a week; 3 = once a week; 4 = 2-3 times a month; 5 = a few times a year; and 0 = not at all. To obtain an ordinal variable, "not at all" was recoded into 6. A venous blood sample was obtained for measures of biomarkers, including APOE ε4 genotype from blood leucocytes analyzed using HHaI digestion and polymerase chain reaction [20] . The Hospital Discharge Register (starting in 1967) was used to acquire information on diagnoses of respiratory and cardio/cerebrovascular conditions (chronic obstructive pulmonary disease, asthma, coronary artery disease, stroke, myocardial infarction, atrial fibrillation, cardiovascular surgery, heart failure, or diabetes).
Statistical Analyses
Analyses were performed using Stata 13.0 (Stata Corp, College Station, TX, USA). The significance level for all analyses was set at p < 0.05.
We performed logistical regressions for the associations between midlife healthy dietary changes and dementia later in life (at the first or second re-examinations). Results are reported as odds ratios (OR) and 95% confidence intervals (CI). All analyses were adjusted for basic confounders: age, sex, education, baseline cohort (Model 1). Subsequent analysis adjusted for healthy diet index (Model 2), in order to explore if any association is due to reported changes in diet or the actual diet. Additional analysis adjusted for APOE ε4 status (participants with one or two APOE ε4 alleles were categorized into one group), baseline cardio/cerebrovascular or respiratory conditions, baseline body mass index (BMI), and baseline self-reported physical activity (Model 3). Table 2 presents the sociodemographic and clinical characteristics of the participants included in the analyses. Data for categorical variables are reported as proportions, while data for continuous variables are reported as means (SD). Table 3 shows the associations between midlife healthy dietary changes and late-life dementia. Total midlife healthy dietary changes (including modifying quality of fats, increasing vegetables, decreasing sugar and decreasing salt) were associated with a reduced risk of dementia (fully adjusted OR = 0.41, 95% confidence interval (CI) = 0.20-0.85). In contrast, when each of these factors was assessed individually, they were not significantly associated with dementia risk. The only exception was for decreasing sugar, which was associated with a reduced risk of dementia in the basic model 1 (adjusting for age, sex, cohort and education, OR = 0.36, 95% confidence interval (CI) = 0.13-0.97)), and model 2, which additionally adjusts for the healthy diet index (OR = 0.37, CI = 0.14-0.99). However, when model 3 additionally adjusts for cardio/cerebrovascular or respiratory conditions, BMI, APOE ε4 and physical activity, the associations between sugar reduction and dementia risk were no longer significant. 
Results
Population Characteristics
Discussion
This study showed that healthy dietary changes in midlife, characterized by modifying the quality of fats, increasing vegetable consumption, and decreasing salt and sugar consumption, are associated with a reduced risk of dementia later in life. Changes in only one of the dietary components (e.g., salt, quality of fats) was not associated with a reduced dementia risk. These findings remained significant after adjusting for several potential confounding factors.
These results support previous findings suggesting synergistic effects between various food components [21] and the risk of dementia [22] . For example, phytochemicals (e.g., from fruits and vegetables) may have synergistic effects when combined with fatty acids (e.g., from fish) [23] . Synergistic effects may also be due to the impact of absorption when different foods are combined, for example, copper-zinc and manganese iron, or vitamin C and iron (for a review, see [21] ). These results highlight the importance of targeting whole dietary patterns, instead of promoting/discouraging the consumption of single nutrients.
The results showed that decreased sugar consumption was associated with a reduced risk of dementia, even after adjusting for the healthy diet index. However, these findings were no longer significant when we adjusted for cardio/cerebrovascular or respiratory conditions, BMI, APOE ε4 and physical activity. These effects warrant further investigation, especially as it was recently shown that higher consumption of sweetened beverages was associated with markers of pre-clinical Alzheimer's disease in a cross-sectional study [24] . Caution should also be exercised when recommending alternative artificial sweeteners, as they have been associated with an increased risk of dementia and stroke [25] .
These findings are important for dementia prevention initiatives. While many dementia risk factors are important in midlife (e.g., high BMI, hypertension, physical inactivity), at-risk individuals may not be motivated to make lifestyle changes as the potential for dementia onset may be perceived as distant. These findings highlight the importance of dietary changes in midlife, and their benefits for dementia risk reduction decades later. Motivational strategies may be used so that at-risk individuals are encouraged to make healthy lifestyle changes at an earlier stage in life, as well as maintain healthy lifestyles for the following years in order to reduce their risk of dementia.
In the current study, the dietary changes may have been the result of public health campaigns in Finland in the 1970s. By the early 1970s, Finland had the highest rates worldwide of mortality from ischemic heart disease. Prevention of cardiovascular conditions among other non-communicable diseases became a priority for Finland's national health policy [26] . The North Karelia project was launched to assess whether key risk factors (e.g., blood pressure, cholesterol, smoking) can be reduced in the population, and subsequently decrease the rates of mortality related to cardiovascular conditions. Through the involvement of non-governmental organizations, health services, various campaigns, industry, and the media, the project widely disseminated information on healthy lifestyles and how to implement behavioral changes (e.g., for healthy diets, smoking cessation, and increasing physical activity). As a result, between 1970 and 1995, the rate of coronary heart disease decreased by 73% in North Karelia, and 65% in Finland as a whole. The North Karelia project provided the world with an exemplary model of national prevention strategies, and the current study additionally shows that such lifestyle changes can have long-lasting effects on dementia risk several decades later.
Various potential mechanisms may underlie these findings. Higher adherence to diets that are rich in anti-inflammatory and antioxidant properties (e.g., the Mediterranean diet, which is similar to the Nordic diet) are associated with longer leukocyte telomere length [27] [28] [29] [30] , and reduced risk of cardiovascular diseases [31] . Dietary patterns high in consumption of red/processed meat and fried foods are associated with elevated levels of inflammatory markers (interleukin-6) and rapid cognitive decline [32] . In contrast, omega-3 fatty acids are known to have anti-inflammatory capacities [33] . Antioxidant trace elements (e.g., zinc and selenium) may offer neuroprotection against oxidative stress [34] , and it has been shown that adherence to a Mediterranean diet is associated with reduced inflammation and increased antioxidant-related functions [35] .
This study has several strengths, including a long follow-up duration, comprehensive examinations for dementia diagnoses, and having adjusted for important confounding factors. This study also has some limitations. The midlife measures of diet were only assessed at one time point, so it is unclear whether the reported changes were sustained throughout the year. We also could not take various types of fish fats into account when calculating the diet index, and this is important considering the potential protective role of omega-3 fatty acids against the risk of cognitive impairment and dementia [36] . The sample size did not allow us to investigate interaction effects with the APOE ε4 genetic allele. The dietary change questions are subjective, and caution is needed when interpreting the findings. It will be important to replicate our findings in samples that have collected dietary data at several time points during midlife, and have sufficient power to investigate the associations with various dementia subtypes.
In conclusion, this study shows that healthy dietary changes in midlife are associated with a reduced risk of dementia. Investments in public health initiatives to promote a healthier diet, in addition to improving other lifestyle factors (e.g., increasing physical activity), may have long-term benefits for the prevention of conditions that are more prevalent with aging.
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